The symbiosome of nitrogen fixing root nodules mediates metabolite exchange between endosymbiotic rhizobia bacteria and the legume host. In the present study, the ion currents of the symbiosome membrane of the model legume Lotus japonicus were analyzed by patch-clamp recording. Both excised and symbiosome-attached patches exhibited a large inward (toward the cytosolic side of the membrane) current that is activated in a time-dependent manner by negative (on the cytosolic side) potentials. Based on reversal potential determinations and recordings with the impermeant cation N-methyl-glucamine, this current shows a high permeability for monovalent cations with no apparent permeability for anions. The current also showed a finite Ca 2ϩ permeability. However, the currents were predominantly carried by univalent cations with a slightly greater selectivity for NH 4 ϩ over K ϩ . Increased Ca 2ϩ concentration inhibited the current with a K 0.5 for inhibition of 0.317 mm. The current showed strong rectification that is mediated by divalent cations (either Mg 2ϩ or Ca 2ϩ ). The influence of divalent cations is symmetrical in nature, because rectification can be exerted in either direction depending upon which side of the membrane has the highest concentration of divalent cations. However, based on observations with symbiosomeattached patches, the direction of the current in vivo is proposed to be toward the cytosol with cytosolic Mg 2ϩ acting as the putative gating regulator. The findings suggest that L. japonicus possesses a voltage-dependent cation efflux channel that is capable of exporting fixed NH 4 ϩ , and may also play an additional role in Ca 2ϩ transport.
The symbiosome of nitrogen fixing root nodules mediates metabolite exchange between endosymbiotic rhizobia bacteria and the legume host. In the present study, the ion currents of the symbiosome membrane of the model legume Lotus japonicus were analyzed by patch-clamp recording. Both excised and symbiosome-attached patches exhibited a large inward (toward the cytosolic side of the membrane) current that is activated in a time-dependent manner by negative (on the cytosolic side) potentials. Based on reversal potential determinations and recordings with the impermeant cation N-methyl-glucamine, this current shows a high permeability for monovalent cations with no apparent permeability for anions. The current also showed a finite Ca 2ϩ permeability. However, the currents were predominantly carried by univalent cations with a slightly greater selectivity for NH 4 ϩ over K ϩ . Increased Ca 2ϩ concentration inhibited the current with a K 0.5 for inhibition of 0.317 mm. The current showed strong rectification that is mediated by divalent cations (either Mg 2ϩ or Ca 2ϩ ). The influence of divalent cations is symmetrical in nature, because rectification can be exerted in either direction depending upon which side of the membrane has the highest concentration of divalent cations. However, based on observations with symbiosomeattached patches, the direction of the current in vivo is proposed to be toward the cytosol with cytosolic Mg 2ϩ acting as the putative gating regulator. The findings suggest that L. japonicus possesses a voltage-dependent cation efflux channel that is capable of exporting fixed NH 4 ϩ , and may also play an additional role in Ca 2ϩ transport.
The formation of nitrogen fixing symbioses between legumes and Rhizobiaceae bacteria represents a developmental program that leads to the formation of a novel organ, the nodule, on the roots of the plant host. During the formation of the nodule, the bacteria infect the cells of the host and become enclosed within a specialized organelle, termed the "symbiosome" (Roth et al., 1988) . The endosymbiotic bacteroids are separated from the infected plant cell cytosol by a membrane of plant origin, the symbiosome membrane. This membrane performs several functions, including protection of the endosymbionts from plant defense responses and serving as a selectively permeable membrane that controls metabolic flux and exchange between the host and symbiont (for review, see Udvardi and Day, 1997) . The principal metabolic exchange that is mediated by this membrane is the efflux of fixed nitrogen (NH 3 or NH 4 ϩ ) and the uptake of reduced carbon (e.g. dicarboxylates) from the plant cytosol to serve as an energy source to support the nitrogen fixation process (for review, see Udvardi and Day, 1997) .
The mechanism of nitrogen efflux from the symbiosome to the plant cytosol has been the subject of much debate (for review, see Day et al., 2001) . Initially, it was proposed that because a large concentration gradient of ammonia exists between the bacteroid and plant cytosol, the simple diffusion of uncharged NH 3 across both the bacteroid and symbiosome membrane was adequate to account for the observed rates of nitrogen assimilation (Streeter, 1989; Udvardi and Day, 1990) . More recently, this view of NH 3 diffusion across the bilayer was revised, and a facilitated diffusion pathway was observed which was inhibited by mercurials (Niemietz and Tyerman, 2000) . This observation, along with the previous finding that the symbiosome membrane major intrinsic protein nodulin 26 forms a mercurial-sensitive water and solute channel (Rivers et al., 1997; Dean et al., 1999) , suggests that major intrinsic protein-mediated NH 3 efflux may occur (Niemietz and Tyerman, 2000) .
Besides these proposed pathways for NH 3 diffusion, pathways for NH 4 ϩ transport have been detected on soybean symbiosome membranes by patchclamp recording Whitehead et al., 1998) . These analyses show that soybean symbiosomes possess a voltage-activated cation channel that is capable of transporting NH 4 ϩ . Because the concentration of NH 4 ϩ is proposed to be higher than that of NH 3 within the acidic symbiosome space, this cation current may be important for the efflux of this charged species to the cytosol for assimilation Whitehead et al., 1998) .
Thus, there are multiple potential pathways for NH 4 ϩ /NH 3 efflux across the symbiosome membrane. To investigate the participation of these various pathways in the symbiosis, it would be advantageous to identify the proteins/activities involved and to study them in a genetically tractable organism in which their expression could be altered. For legumes such as soybean that form determinant nodules, Lotus japonicus has emerged as a model organism (Handberg and Stougaard, 1992) . In the present work we have used patch-clamp recording to investigate the transport properties of the L. japonicus symbiosome membrane.
RESULTS

Voltage-Activated, Time-Dependent Current on L. japonicus Symbiosome Membranes
Reprentative records from inside-out, excised patches of L. japonicus symbiosomes are shown in Figure 1 . Standard recording conditions used to characterize the patch currents included 20 mm NH 4 Cl in the bath, which faces the symbiosome lumen side of the membrane, and 150 mm KCl in the pipette, which faces the cytoplasmic side of the membrane. Under initial recording conditions (pipette 10 mm Ca 2ϩ , and bath 0.25 m Ca 2ϩ ) rectified, time-dependent inward currents (toward the pipette) are readily observed at negative applied potentials (Fig. 1A) . Elevation of Ca 2ϩ in the bath to 1 mm resulted in a reduction of the inward current (Fig. 1B) , suggesting that Ca 2ϩ within the pipette was responsible for the rectification observed under the standard recording conditions. This was verified by perfusion of the pipette with a solution containing low Ca 2ϩ (Fig. 1, C and D) . In recordings performed under conditions in which both the pipette and bath solutions possessed a low (0.25 m) free Ca 2ϩ concentration, rectification was lost and the time dependence of the current was substantially reduced (Fig. 1C) . It is interesting that the direction of the rectification can be reversed by elevating the bath Ca 2ϩ (Fig. 1D ). These observations suggest that Ca 2ϩ can exert its inhibitory influence in a symmetrical manner on either side of the patch.
Voltage-activation profiles of inwardly rectified currents obtained with excised inside-out patches are shown in Figure 2 . Stepwise decreases in potential from a holding potential of ϩ60 mV resulted in an initial activation of the current at 0 mV with increased opening apparent as the potential becomes more negative, reaching saturation at Ϫ180 mV. Voltagedependent activation is well fit with a Boltzmann relation, yielding a V 0.5 of Ϫ86 mV (se ϭ 2.7, n ϭ 3). From the slope factor (Ϫ53.5; se ϭ 3.15), the gating charge of the channel (z␦) was calculated to be 0.475.
Rectification by Divalent Cations
By elevating the calcium concentration in the bath under the standard recording conditions, the relative sensitivity of the inward current to calcium concentration was determined (Fig. 3) . By plotting the relative conductance of the inward current versus the concentration of Ca 2ϩ , a K 0.5 for inhibition of 0.317 mm (se ϭ 0.17, n ϭ 4) with a Hill coefficient of 0.7 was calculated. Most of the inward current is blocked by high Ca 2ϩ concentrations and it could not be determined if the residual current was carried by monovalent cation or by Ca 2ϩ because the currents approached that for the patch seal. Overall, the data suggest that current is gated by Ca 2ϩ , which can exert its influence from either side of the membrane.
Because of the symmetrical nature of the rectification, it was uncertain whether this current flows in an inward (cations toward the cytosolic compartment) or an outward (cations toward the symbiosome space) manner under physiological conditions. To test this, the time-dependent current was evaluated in intact symbiosome-attached patches (Fig. 4) . Symbiosome-attached membranes show voltageactivated, time-dependent openings at negative potentials. Current-voltage plots show that the current measured in symbiosome-attached patches exhibits a rectification similar to that observed in excised patches containing the same pipette solution. These findings suggest that the flow of current in intact symbiosomes is predominantly in the inward direction, and that the internal Ca 2ϩ activity in the symbiosome space is low.
Based on previous studies with other divalent gated ion channels (Pei et al., 1999; Oliver et al., 2000) , including the voltage-dependent cation channel previously characterized in soybean symbiosome membranes Whitehead et al., 1998) , it is clear that other cations besides Ca 2ϩ can regulate gating. Because high Ca 2ϩ concentrations are required to achieve high resistance seals with the symbiosome membrane (Whitehead et al., 1998), most recordings are done with high Ca 2ϩ concentrations on the pipette side of the membrane. As shown in Figure 1 , after obtaining a high resistance seal in excised patches, the pipette solution can be perfused with a low calcium containing solution and the effects of different cations could be evaluated by varying the bath solution. The substitution of Mg 2ϩ for Ca 2ϩ in the bath solution resulted in a channel with nearly identical properties with respect to voltage activation and rectification properties (Fig. 5) , suggesting that either Mg 2ϩ or Ca 2ϩ can serve as the agent responsible for the rectification of the current. Similar to Ca 2ϩ , Mg 2ϩ was able to exert rectification from the pipette side as well as the bath side of the membrane patch (data not shown).
Relative Permeabilities
To determine relative permeabilities, the concentration of NH 4 Cl or KCl in the bath was varied and the reversal potential was measured by using a tail current protocol as described in "Materials and Methods." As the concentration of either NH 4 Cl or KCl was elevated in the bath, the reversal potential shifted to more positive potentials (Fig. 6 , A-C) suggesting that the current is carried by the flux of cations from the bath (lumen) toward the pipette (cytosol). To test whether anion (i.e. Cl Ϫ ) was transported, recordings were done under standard conditions (20 mm NH 4 Cl) supplemented with various concentrations of N-methyl-d-glucamine chloride. Because N-methyl-d-glucamine is a large, impermeant cation, this approach allowed us to evaluate the transport of Cl Ϫ independent of the cation concentration. The results showed that increasing the Cl Ϫ concentration did not affect the reversal potential of the voltage-activated current. Similar results were observed for other anions including nitrate and malate (data not shown).
The change in reversal potential as a function of the conductant in the bath paralleled the predicted Nernst potential for monovalent cations (Fig. 6 , A-C). However, under conditions of an outward calcium gradient (4.1 mm Ca 2ϩ in the pipette; 126 nm Ca 2ϩ in the bath), the reversal potentials were consistently more negative than the predicted Nernst potential for monovalent cations (solid symbols, Fig.  6 , A-C). The polarity of this discrepancy and the fact that there is an outward-directed gradient for Ca 2ϩ suggests that there was a finite Ca 2ϩ permeability in the time-dependent current. By using the GoldmanHodgkin-Katz equation modified for Ca 2ϩ permeability, we calculated a P Ca 2ϩ to P K ϩ ratio that was consistently greater than unity over the tested range of external monovalent K ϩ activities (Fig. 6D ), ranging from a P Ca 2ϩ:P K ϩ of 8.6 (40 mm KCl in the pipette) to Ͼ18 (150 mm KCl in the pipette). An enhanced P Ca 2ϩ to P NH 4 ϩ permeability ratio was also apparent when NH 4 ϩ was substituted for K ϩ in the bath (Fig. 6B) .
Reversing the Ca 2ϩ gradient across the patch and with 150 mm KCl in the pipette, the reversal potential Shown are the currents recorded with inside-out symbiosome membrane patches in which the standard pipette solution was perfused with 150 mM KCl, 1 mM EGTA, 10 mM HEPES-Tris, pH 7.0. A, The bath solution contained 20 mM NH 4 Cl, 1 mM EGTA, 2 mM MgCl 2 , and 10 mM HEPES-Tris, pH 7.0. Tail currents were recorded by activating the time-dependent current with a 1.25-s pulse to ϩ100 mV from a holding potential of 0 mV, followed by a step to various potentials ranging from Ϫ100 to ϩ100 mV (in 20-mV increments). B, Current-voltage plots of steady-state currents obtained with a bath solution of 20 mM NH 4 Cl, 1 mM EGTA, 2 mM MgCl 2 , and 10 mM HEPES-Tris, pH 7.0 (E) and 20 mM NH 4 Cl, 1 mM EGTA, 5 mM CaCl 2 , 10 mM HEPES-Tris, pH 7.0 (F). . A, Tail currents were obtained by activating the time-dependent current with a 1.25 s pulse to Ϫ100 mV from a holding potential of 0 mV, followed by a step to the indicated potentials. B, Representative current-voltage plot of steady-state currents under the same recording conditions. became more positive than the Nernst potential for K ϩ (Fig. 6, A and B, white symbols), consistent with the symmetrical nature of the channel and the fact that calcium can interact from either side of the membrane. In this case a P Ca 2ϩ:P K ϩ between 4 and 30 was calculated (Fig. 6D, white squares) . The P NH 4 ϩ to P K ϩ ratio was calculated with the assumption that the calcium permeability ratio was independent of the monovalent cation present in the bath (i.e. P Ca 2ϩ:
P NH 4 ϩ ϭ P Ca 2ϩ:P K ϩ). In all cases P NH 4 ϩ:P K ϩ was slightly greater than one (1.1-1.3).
Relative Selectivity
The magnitude of the currents was strongly dependent on the univalent cation concentration, emphasizing that it is predominantly carried by either K ϩ or NH 4 ϩ . Consistent with the calculated P NH 4 ϩ to P K ϩ ratio discussed above, measurements of the relative conductance obtained for K ϩ and NH 4 ϩ show that slightly higher currents are obtained with NH 4 ϩ in the bath solution, particularly at lower concentrations of conductant (Fig. 7) . A plot of relative conductance as a function of NH 4 Cl concentration (Fig.  7) yields an apparent K m of 17 mm (se ϭ 2.9, n ϭ 4).
DISCUSSION
Patch-clamp recording of excised patches of L. japonicus symbiosome membranes show a voltageactivated current that exclusively carries cations. The current is carried predominantly by monovalent cations (NH 4 ϩ and K ϩ ) although evidence for Ca 2ϩ permeability was also observed. The monovalent cation current was strongly inhibited by Ca 2ϩ and Mg 2ϩ and these agents were responsible for the observed voltage dependence and rectification of the current. Rectification was observed both in the inward and outward direction, depending on which side of the membrane possessed the highest concentration of divalent cations. Despite the bidirectional nature of the current, measurements with symbiosome-attached patches suggest that the current would be inwardly rectifying in vivo. Based on previous observations for a similar current observed in soybean symbiosome membrane, as well as pre- liminary nonstationary noise analysis of the L. japonicus current (data not shown), the data suggest that this symbiosome membrane current represents a subpicoSiemen cation channel that is voltage-gated by divalent cations. However, in contrast to soybean (Whitehead et al., 1998 ) the L. japonicus channel differs in its interaction with Ca 2ϩ and also exhibits permeability to Ca 2ϩ .
Voltage-Dependent Gating and Rectification
Inwardly rectifying K ϩ channels can be divided into two classes: those that possess an intrinsic gate that is part of the integral structure of the channel, and those that are regulated by the association of small gating charged particles, such as divalent cations or polyamines (for review, see Schroeder et al., 1994; Reimann and Ashcroft, 1999; Schachtman, 2000) . Most higher plant inward-rectifying cation channels (e.g. KAT1, AKT1) belong to the former category (Schachtman, 2000) . In contrast, the voltagedependent properties and rectification of the symbiosome-membrane cation channel requires the presence of a divalent cation, similar to animal inwardly rectifying K channels (e.g. K ir ), which also lack an intrinsic gate (Reimann and Ashcroft, 1999; Oliver et al., 2000) .
The finding that gating of the symbiosome membrane cation channel occurs in either direction suggests that divalent cations can bind from either end of the channel and that the flow of ions could theoretically proceed in either direction. However, measurements with symbiosome-attached patches show inward rectification (i.e. flow of cations toward the cytosol). This is somewhat surprising since the concentration of Ca 2ϩ within the symbiosome space has been reported to be high (Udvardi and Day, 1997) . Since significant inward current is observed with intact symbiosomes, it argues that the concentration of "free" Ca 2ϩ is likely low, presumably by buffering by Ca 2ϩ binding proteins or binding to other sites within the symbiosome space. This observation also suggests that although the gating is symmetrical in nature, the direction of transport favored is toward the cytosol.
The divalent cation-dependent properties of voltage activation and inward rectification are similar to those previously described for the soybean symbiosome membrane cation channel Whitehead et al., 1998) . A model for the regulation of this channel (Whitehead et al., 1998) has been proposed in which cytosolic Mg 2ϩ (likely to be present at mm concentrations in excess of the K d of the channel for divalent cations), or perhaps other cytosolic cations such as a polyamines (Whitehead et al., 2001) , serve as gating particles that diffuse into the channel pore and block current in an outward direction at positive potentials. Upon hyperpolarization of the symbiosome membrane, the gating particle would be displaced in a time-dependent manner resulting in channel opening and cation influx (Fig. 8) . The low Hill coefficient for divalent cation inhibition and the calculated gating charge are consistent with one divalent cation binding site, similar to the animal K ir channel (for review, see Oliver et al., 2000) .
Transport Selectivity and Physiological Function
The low selectivity between NH 4 ϩ and K ϩ and the relatively high K m for cation transport suggests that the symbiosome cation channel activity is distinct from the high affinity ammonium (e.g. the AMT family) and potassium (e.g. HKT) uptake channels that show higher specificity and operate at micromolar concentrations of cations (Howitt and Udvardi, 2000; Schachtman, 2000) . Although the symbiosome mem- Voltage-Dependent Cation Channel in Lotus japonicus Symbiosome brane channel could theoretically transport several monovalent cations, a strong case can be made for its role in the transport of fixed nitrogen in the form of NH 4 ϩ (for discussion, see Whitehead et al., 1995) . First, the K m for ammonium (17 mm) is within the range of concentrations estimated within the symbiosome space (12 mm; Streeter, 1989) . Further, a large gradient of NH 4 ϩ is proposed to exist between the symbiosome space and cytosol due to: 1) The acidity of the symbiosome space, which is estimated to be 1.0 to 1.5 units lower than the cytosol (Udvardi et al., 1991) favoring the predominance of the NH 4 ϩ species; and 2) the rapid assimilation of free ammonia/ ammonium by Gln synthetase that maintains a low steady-state concentration of cytosolic ammonium (Streeter, 1989) . Second, as discussed above, the channel is inwardly rectified. Thus, even though the concentration of cytosolic K ϩ is high (60-100 mm), the direction of current flow through the channel will be toward the cytosol at negative potentials (Fig. 8) .
Besides a metabolic role in the transport of fixed NH 4 ϩ for nitrogen assimilation, the NH 4 ϩ permeable symbiosome channel can also have other nonmetabolic functions. Similar to the plasma membrane of plant cells, hyperpolarization of the symbiosome membrane is proposed to occur via the action of an electrogenic ATPase activity (Udvardi and Day, 1989; Udvardi et al., 1991) . If not controlled, this activity could lead to severe hyperpolarization and membrane damage. Similar to the roles proposed for the inwardly rectified K channels of animal and plant plasma membranes (for review, see Maathuis et al., 1997; Reimann and Ashcroft, 1999) , the symbiosome membrane cation channel could aid in regulation of the symbiosome membrane potential. At low membrane potentials the channel would remain closed because of the action of cytosolic magnesium. However, upon hyperpolarization of the membrane mediated by the H ϩ -ATPase (Fig. 8) the channel would open, facilitating the flux of cations from the symbiosome space to the cytosol. The voltage threshold for channel opening might be further regulated by the electrochemical gradient of permeant monovalent cations across the symbiosome membrane (Whitehead et al., 1998) . This coordinate regulation of the pump and the inwardly rectified channel would allow the maintenance of the membrane potential and electrochemical gradient that would serve as a driving force for efflux of fixed ammonium as well as the uptake of malate and possibly other anions (Ou Yang et al., 1990; Udvardi et al., 1991) . Further, efflux of cations such as fixed NH 4 ϩ , not only would serve a function in voltage regulation, but would also aid in symbiosome pH homeostasis, since the flux of this ion would carry a proton out of the symbiosome space (Fig. 8) . Whether the voltage-dependent cation channel is involved in the compartmentation or release of other monovalent cations besides ammonium also remains to be addressed.
Another feature of the L. japonicus channel that needs to be considered is its permeability to Ca 2ϩ ions. Although Ca 2ϩ blocks the monovalent cation current of the L. japonicus channel, the actual affinity of the channel for divalent cations is somewhat lower than that observed for the previously characterized soybean symbiosome channel (apparent K d ϭ 0.32 mm versus 8 m, Whitehead et al., 1998) , and the L. japonicus channel exhibits a finite Ca 2ϩ permeability. These observations suggest that Ca 2ϩ is less tightly bound at a site in the pore and therefore may be able to permeate the channel.
The calcium permeability exhibited by the L. japonicus channel appears to be unique to this activity since a similar permeability is lacking in the analogous channel from the soybean symbiosome membrane Whitehead et al., 1998) . Because symbiosomes have also been reported to contain high amounts of Ca 2ϩ , similar to vacuoles (Udvardi and Day, 1997) , calcium release through the L. japonicus channel may therefore play a role in cell signaling. In this respect, the Ca 2ϩ permeability of the L. japonicus channel is similar to that of the SV channel in the tonoplast, which also shows slow activation kinetics, is cation selective and Ca 2ϩ -permeable Allen and Sanders, 1996) and has been proposed to be involved in Ca 2ϩ -induced Ca 2ϩ -release in vacuoles Pottosin et al., 1997; Allen et al., 1998) . The presence of a distinct calcium permeability on the L. japonicus symbiosome membrane is intriguing and merits further investigation as a potential target of calcium signaling and homeostasis in this particular legume.
The finding of similar voltage-dependent cation channels that are permeable to ammonium ions in the symbiosomes of soybean and L. japonicus argues for a fundamental conserved role of this activity in nitrogen-fixing symbioses. Further, the demonstration that the channel is permeable to Ca 2ϩ raises the possibility of alternative roles for this voltagedependent channel, at least in the L. japonicus system. Given the ease of genetic manipulation of L. japonicus, this organism has emerged as a candidate as a model legume for the study of the molecular genetics of nitrogen fixation (Handberg and Stougaard, 1992; Stiller et al., 1997; Szczyglowski et al., 1997; Stougaard, 2000) . Further analysis of the L. japonicus genes encoding the proteins responsible for these symbiosome membrane activities, and the use of transgenic plant technologies to alter their expression, may allow an evaluation of their functional role in the symbiosis.
MATERIALS AND METHODS
Lotus japonicus B-129-56 cv Gifu seeds were scarified and germinated in sterile water for a week. Seedlings were planted in a 1:1 mix of sand:vermiculite and were grown under greenhouse conditions. On the day of planting, seedlings were watered with a 3-d-old culture of Mesorhizobium loti NZP 2235 (Stiller et al.1997 ), diluted 1:1 with Herridges nutrient solution as previously described (Guenther and Roberts, 2000) . The plants were re-inoculated with M. loti 7 d after planting and were watered on alternative weeks with water or Herridges solution.
Nodules were harvested from L. japonicus plants between 8 and 11 weeks after planting and were washed briefly in 20 mm MOPS-NaOH, pH 7.0, 350 mm mannitol, and 3 mm MgSO 4 . Single nodules were crushed on ice in 20 mm MES-NaOH, pH 7.0, 20 mm sodium ascorbate, 10 mm MgSO 4 , 10 mm EGTA, 350 mm mannitol, and 1 mm dithiothreitol. After 5 min, 5 L of the extract was spotted onto a microscope slide bath (1 mL) containing 100 mm K-Glu, 2 mm MgCl 2 , 2.3 mm CaCl 2 , 10 mm EGTA, and 5 mm HEPESTris, pH 7.0, (standard bath solution) and the symbiosomes were allowed to adsorb to the base of the chamber as previously described (Whitehead et al., 1998) . The bath was perfused with 5 mL of standard bath reagent before patchclamp analysis.
Unless otherwise noted, all recordings were done in solutions buffered with 10 mm HEPES-Tris, pH 7.0, and adjusted to an osmolarity of 400 mOsm/kg with mannitol. Patch pipettes were made from GC150-10 borosilicate glass capillaries (Clark Electronic Instruments, Reading, UK) by using a PP-83 electrode puller (Narishige, Tokyo) and a two-step protocol. The tips were polished to a diameter of approximately 0.5 m and were coated with Sylgard (Dow Corning, Corning, NY) to reduce the capacitance. Unless otherwise noted, the standard pipette filling solution was 150 mm KCl, 10 mm CaCl 2 , and 10 mm HEPES-Tris, pH 7.0. High resistance (10-50 G⍀) inside-out, excised patches of the symbiosome membrane were obtained essentially as previously described (Whitehead et al., 1998) . The reference AgCl electrode was connected to the bath by an agar bridge filled with 100 mm KCl. Current measurements were made with an Axopatch 200B patch amplifier (Axon Instruments, Burlingame, CA), and were filtered at 200 or 500 Hz with a low pass Bessel filter. Data acquisition was done using the P-Clamp6 analysis acquisition system (Axon Instruments). Data fitting was done by using pClamp 6.0, Clampfit 8.0 (Axon Instruments), and Graphpad Prism (Graphpad Software, San Diego). As discussed previously (Whitehead et al., 1998) , the sign convention for voltage was relative to the cytosolic side of the membrane, and the sign for current was such that positive current represents the flux of cations from the cytosol into the symbiosome space.
The relative permeability of time-dependent currents was determined by activating the current by a prepulse to Ϫ100 mV followed by measuring the tail currents upon a rapid step to various holding potentials ranging from ϩ100 to Ϫ100 mV. The potential that no longer showed current deactivation, was taken as the reversal potential. The relative permeability between Ca 2ϩ and K ϩ (P Ca 2ϩ:P K ϩ) was determined by measuring reversal potentials with a constant KCl concentration in the pipette and varied KCl concentrations in the bath. Calcium activity was kept constant with a gradient directed either inwards or outwards across the patch in different experiments. The relative permeability between NH 4 ϩ and K ϩ (P NH 4 ϩ:P K ϩ) was determined by measuring reversal potentials with constant KCl concentration in the pipette and varied NH 4 Cl concentration in the bath and assuming that the P Ca 2ϩ:P NH 4 ϩ was equal to P Ca 2ϩ:P K ϩ under the same univalent cation activities and Ca 2ϩ activity gradient. The modified Goldman-HodgkinKatz voltage equation (Johannes and Sanders, 1995) was used to calculate relative permeabilities.
For Ca 2ϩ titrations, an EGTA buffered system (1 mm) was used, and CaCl 2 was varied to yield free Ca 2ϩ concentrations ranging from 10 Ϫ7 to 10 Ϫ3 m as determined by the GEOCHEM program (Parker et al., 1987) . IV plots were fit with low order polynomials and chord conductances measured at Ϫ100 mV were determined. This relative conductance was plotted against free Ca 2ϩ and was fit with a Hill equation:
The voltage dependence of activation was performed essentially as described by Whitehead et al. (1998) . Briefly, excised, inside-out patches were held at ϩ60 mV, and 1.6-s pulses were done in 20-mV increments from ϩ60 mV to Ϫ180 mV. Relative conductance was determined from the tail currents measured upon return to the holding potential. The relationship of relative conductance to potential was fitted to a simple Boltzmann function.
where g rel is relative conductance, z is the gating charge, ␦ is the distance the gating charge moves across the bilayer, e 0 is the elementary charge, T is absolute temperature, and k is the Boltzmann constant.
